Rice is a staple cereal and a major source of both protein and energy in most Asian countries. Thus, the true digestibility of cooked rice protein is very important for human nutrition. The proteins in rice endosperm consist mainly of storage proteins, e.g., glutelin, prolamin and globulin. Two major proteins, glutelin and prolamin, can be separated into several protein bands by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Glutelin separates into three bands: proglutelin (57 kDa), an acidic subunit (37-39 kDa), and a basic subunit (22-23 kDa) (1). Prolamin also separates into three bands: 16, 13 and 10 kDa prolamin (2). These storage proteins accumulate in organelles called protein bodies (PBs). Rice endosperm has two different types of PBs; prolamin accumulates in type-I protein bodies (PB-I), while glutelin and globulin accumulate in type-II protein bodies (PB-II) (3). Tanaka et al. (4) reported that fecal protein particles (FPP), such as PBs, were excreted in the feces of humans who had ingested cooked rice (CR). Ogawa et al. (2) demonstrated that the 13 kDa prolamin band in raw rice (RR) remained after pepsin digestion, although the glutelin subunit bands (37-39 and 22-23 kDa) disappeared. These results imply that prolamin is an indigestible protein. However, we recently reported that structural changes induced by alkali extraction can improve the in vivo digestibility of prolamin (5, 6). A study by Eggum et al. showed that cooking decreased the true protein digestibility (TD) of rice from 99.7 to 88.6% (7). However, no reports have directly demonstrated whether rice prolamin is rendered indigestible in vivo by cooking.
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In the present study, we monitored the gastrointestinal (GI) transit and fecal excretion of rice glutelin and prolamin in rats by using anti-23 kDa glutelin (23G) and anti-13 kDa prolamin (13P) antibodies to estimate their digestibility in CR and RR. Additionally, morphological observations of PBs in the feces of rats fed the CR or RR diets were conducted using electron microscopy to confirm the effects of cooking on PB structure. Although the digestibility of 23G was not affected by cooking, the digestibility of 13P was clearly reduced. Almost intact PB-Is were observed in the feces of rats fed the CR diet. Our results clearly indicate that rice prolamin is not indigestible in its raw form, but is rendered indigestible by cooking.
Materials and Methods
Materials and animal experiment. Rice (Koshihikari, 10% polished fraction) was purchased from Niigata Seifun Co., Ltd. (Tainai, Japan). RR flour was prepared using a jet mill (KV-3-4S, Yakushinkikai Seisakusho, Japan). CR flour was prepared by rinsing the rice first and then cooking it in twice its volume of water in an electric rice cooker (JAG-A100 TM, Tiger Co., Ltd., Osaka, Japan). The CR was freeze-dried (FDU-1100, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) and then milled in the same manner as the RR. The crude protein (CP) content of the RR and CR was determined according to the Kjeldahl method using an N-to-protein factor of 5.95 (8) .
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Eight-week-old male Wistar/ST rats weighing approximately 250 g were purchased from Japan SLC, Inc. (Shizuoka, Japan) and housed in individual stainless steel cages with wire screen bottoms in a room with controlled temperature (2262˚C) and lighting (lights from 06:00 to 18:00 h). The rats were allowed to adapt to these housing conditions for at least 7 d before the start of the experiment, during which time they were fed commercial pellets (Nosan, Yokohama, Japan). After the adaptation period, the rats were divided into two groups on the basis of body weight (5 rats/each group), and were fed a casein-based diet (CP 20%) based on the AIN-93G formula (9) for 2 d to allow them to adjust to powdered feed. They were fed the experimental diets (Table  1) ad libitum from 11:00 to 18:00 for 5 d. The feces collection was conducted in individual metabolic cages for the last 3 d of the experimental period.
The GI transit of rice in rats was monitored as reported previously (6) . The GI tract contents were collected at 2 h after the start of feeding of the experimental diets (4 g). Rats were killed by exsanguination while under sodium pentobarbital anesthesia (50 mg/kg body weight) and the GI tract was removed and divided into five segments: stomach, proximal and distal small intestine, cecum/colon, and rectum. The contents of each segment were collected into phosphate-buffered saline (PBS) (2) containing a protease inhibitor cocktail [PIC: 2 mm 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 1 mm EDTA, 130 mm bestatin, 14 mm E-64, 1 mm leupeptin and 0.3 mm aprotinin, Sigma-Aldrich, St. Louis, MO] and 0.54 mm phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich). Immediately after collection, the GI samples were homogenized with a Teflon homogenizer, and the sample containers were filled to a volume of 20 mL with PBS (2) containing PIC and PMSF. The samples were then stored at 240˚C until analysis. The animal experiments were performed in accordance with the Guidelines of the Committee for Animal Experimentation of Niigata University.
Electrophoresis. SDS-PAGE and Western blotting (WB) analysis were performed as reported previously (6) . The samples were suspended in a sample buffer (0.125 m Tris-HCl pH 6.8, 4% w/v SDS, 5% v/v 2-mercaptoethanol, 8 m urea, and 0.2 mg/mL bromophenol blue). The diets (0.50 mg) and feces (1.50 mg) were subjected to SDS-PAGE followed with the Coomassie Brilliant Blue (CBB) staining method. Moreover, the diets (7.50 mg), GI contents suspension (the stomach content, 0.75 mL; other contents, 1.88 mL) and feces (6.7 mg) were used as the samples for WB. Electrophoresis was conducted using 15% (w/v) polyacrylamide gels at 20 mA/gel as described by Laemmli (10) . After electrophoresis, the bands were visualized using the CBB staining method, or were used for WB analysis.
For WB analysis, the proteins separated by SDS-PAGE were transferred to polyvinylidene difluoride (PVDF) membranes and then incubated overnight in a blocking solution consisting of Tris buffered saline and Tween 20 (TBS-T, pH 7.6) containing 1% BSA at 4˚C. After blocking, the membranes were incubated for 1 h with antibodies against 23G (diluted with the blocking solution 1 : 20,000, v : v) or 13P (diluted 1 : 20,000, v : v) at room temperature (11) . It was checked in the previous report that these antibodies used for WB analysis did not detect endogenous proteins in GI contents of rats (6) . The membranes were then washed with TBS-T, incubated for 1 h with horseradish peroxidase-linked antirabbit IgG antibody (GE Healthcare UK Ltd., Little Chalfont, UK) at room temperature, washed again with TBS-T, and then developed using enhanced chemiluminescent detection (GE Healthcare UK Ltd.). The bands were quantified by densitometry.
Electron microscopy observation. Electron microscopy was conducted as described by Takahashi et al. (12) . Samples of RR, CR, and feces were fixed in 4% paraformaldehyde in 0.1 m phosphate buffer (pH 7.2) for 1 h at room temperature. After being washed with the same buffer, the samples were suspended in a 1% agar solution. The agar blocks were dehydrated with a graded ethanol series and embedded in LR White resin (London Resin, Basingstoke, UK). The blocks were then polymerized at 55˚C for 48 h. Ultra-thin sections were cut with a diamond knife using a Leica Ultracut UCT (Leica, Heidelberg, Germany) and mounted on nickel grids.
For immunoelectron microscopy, the sections were soaked in a blocking solution consisting of 1% BSA in 0.1 m phosphate buffer (pH 7.2) for 30 min at room temperature, and then incubated with antibodies against 23G (diluted 1 : 10,000, v : v) and 13P (diluted 1 : 10,000) overnight at 4˚C. The next day the sections were washed with 0.1 m phosphate buffer (pH 7.2), and incubated with 10-nm gold-labeling goat anti-rabbit antibody (diluted 1 : 50 v : v, GE Healthcare UK Ltd.) in a blocking solution for 1 h at room temperature. The 
Results and Discussion
Comparison of RR and CR
SDS-PAGE and WB revealed no differences in the major protein band patterns (23G and 13P) between RR and CR (Fig. 1A-C) . Electron microscopy also did not show any differences between RR and CR (Fig. 1D) . These results indicate that the protein patterns and structure of the PBs in rice are not changed by cooking.
Comparison of 23G and 13P GI transit between the RR and CR groups
Although there were no differences in the protein band patterns and structure of the PB-Is between the RR and CR diets, there was a distinctive difference between RR and CR in the GI transit process. Transit of 23G through the GI tract did not differ between groups, but transit of 13P was quite different in rats fed the CR and RR diets ( Fig. 2A, B) . The 23G protein band was only detected in the stomach contents of rats in both the RR and CR groups, which suggests that 23G was easily digested and that this digestibility was not influenced by the cooking process. In contrast, in both groups the 13P band was detected in every segment of the GI tract; how- ever, the detection pattern was quite different between the RR and CR groups. In the RR group, the 13P band became progressively fainter in more distal segments of the GI tract. In contrast, in the CR group the 13P band was more intense in the distal portions of the GI tract when compared with the RR group. Though significant difference was not found in the stomach and small intestine contents, in the cecum and rectal contents, the 13P contents of the CR group were significantly higher than those of the RR group (Fig. 2C) . This result suggests that 13P is rendered indigestible by cooking.
Excretion of rice proteins in the feces
The excretion of rice proteins into the feces was assessed using SDS-PAGE, WB analysis and electron microscopy. CBB staining clearly demonstrated a 13 kDa band in the feces of the CR group but not in those of the RR group (Fig. 3A) . This protein was confirmed to be 13P by WB analysis (Fig. 3C ) and the contents in the CR group were significantly increased, compared with those in the RR group (Fig. 3E) . This result was consistent with our findings in the GI contents. Additionally, electron microscopy revealed that the PB-Is excreted in the feces differed between the RR and CR groups (Fig.  3D ). In the CR group, the structure of the PB-Is in the feces was almost intact, whereas although PB-Is were observed in the feces of the RR group, their structures were smaller and had rougher surfaces. These structural differences indicate that the PB-Is in the RR group may have been almost degraded.
The analysis of RR and CR ( Fig. 1) confirmed that there were no changes in protein composition or PB structure during cooking, but cooking drastically altered the digestibility of the rice proteins, especially 13P. Although rice prolamin has long been thought to be an intrinsically indigestible protein, our results suggest that this is not the case. A similar result was reported by Eggum et al. (7), who found that the TD of rice was decreased by cooking, and inferred that the decrease of TD was due to changes in the digestibility of 13P. Although the mechanism by which 13P is made indigestible was not clarified in the present study, cooking may denature the proteins that comprise PB-I, making it more rigid and thus preventing digestive enzymes from digesting prolamin.
Reduction of protein digestibility by cooking has also been observed in other cereal proteins, such as sorghum and maize (13, 14) . It has also been reported that the digestibility of minor millets is reduced by autoclaving (15) . Although this reduction in protein digestibility by cooking might be a common feature of cereal proteins, it has not yet been clarified whether the mechanism is the same in all cereals. In the case of rice proteins, Bradbury et al. (16) reported that the decreased protein digestibility due to cooking does not result from the formation of isopeptide linkages between the e-amino group of lysine (which would make it resistant to trypsin degradation) and the g-carboxyl group of glutamic acid residues, but may instead be due to the formation of a cystine-rich core that is resistant to proteases. In addition, Saito et al. (17) reported that the localization of prolamin species in PB-Is was different and 16 and 10 kDa prolamin, sulfur-containing amino acids rich in proteins, were mainly located in the core and in the middle layer of PB-Is, respectively. Based on these reports and our results, we hypothesize that hydrophobic interactions and disulfide linkages in the PB-Is contribute to the decrease in prolamin digestibility that occurs with cooking. The results of a preliminary in vitro digestion test suggest that urea and dithiothreitol improve prolamin digestibility (data not shown). In addition, the effects of other components, especially starch, on the digestibility of rice proteins should not be ignored. It has been reported that the TD of cooked amylose extender mutant rice was lower than that of the cooked parent rice, IR36 (18) . Thus, the reduction in the digestibility of rice protein that occurs with cooking may be due not only to the PB structure and disulfide bonds, but also to effects on starch.
This study is the first to directly demonstrate that cooking changes the digestibility of prolamin. Our results clearly indicate that prolamin is not indigestible in RR, but is rendered indigestible by cooking.
